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EXPLORATORY INVESTIGATION OF PERFORMANCE OF EXPERIMENTAL
FUEL-RICH HYDROGEN COMBUSTION SYSTEM

By Arthur L. Smith and Jack S. Grobman

SUMMARY

An exploratory investigation was conducted to determine the perform-
ance characteristics of a fuel-rich hydrogen combustor; in addition, the
performance of an afterburner operating with the fuel-rich exhaust mixture
was evalusted. Four experimental combustors with a burning length of 18
inches were opereted over a range of equivalence ratioc from 7 to 26 &t
nominal fuel flows of 100 and 200 pounds per hour, inlet-air temperature
of 80° F, and inlet pressures near 30 inches of mercury sbsolute. Two
afterburner flameholder configurations with a burning length of 36 inches
were Investigated over an equivalence-ratio range from 0.2 to 1 at inliet
pPressures near atmospherlec.

For the fuel-rich combustor, air was Injected into the flowing fuel
stream. In general, combustion efficiencies in excess of 90 percent were
maintained over very broad ranges of equivalence ratio for all experimental
combustors lnvestigated. Some of the combustor exhsust-temperature pro-
files obtained were considered satisfactory in view of the preliminsry
nature of the test program. Combustion instability was encountered at
high fuel-flow rates and high equivalence ratios with some cowbustors.

Two types of afterburner configuration were used. In one, the fuel-
rich gas was introduced through open U-gutters normel to the sirflow, and
turning vanes inside the gutters were necessary to control the fuel dis-
tribution and the outlet-temperature profile. The other configuration
embodied a pair of closed-end baffles perforated et the trailing edge %o
control the flow.

INTRODUCTION

This report describes the performence of an experimental fuel-rich
hydrogen combustor (over-all hydrogen-air ratio sbove stoichiometric) and
afterburner assembly. Various fuel-rich englne cycles using hydrogen as
a working fluid as well as a fuel have been proposed for flight at high
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speed and high altitude. Hydrogen's high specific heat (about 14 times
as great as that of air) and its good combustion characteristics make it
very desirgble for these applicatlons. In one such cycle described in .
reference 1, hydrogen at high pressures 1s heated ag it passes through a
heat exchanger and 1s then expanded through a turbine. The expanded ex-
beust gas is fed to a combustor where 1t is burned fuel-rich. This hot
mixture supplies heat to the heat exchanger and then is fed to an after-
burner where the remaining fuel is burned. Another similar cycle elimi-
nates the heat exchanger by feeding the fuel-rich combustion products
directly into the turbine. An analysis presented in reference 2 shows
that high thrusts can be obtained by introducing additional fuel in the
afterburner so that ithe afterburner may also be richer than stoichiometrie.
A fuel-rich ramjet cycle was considered in an analyticael study presented
in reference 3 for a propulsion system at hypersonic flight conditions.

Extensive research has been conducted on aircraft propulsion systems
incorporating primery-combustor and afterburner units operating at equiva-
lence ratios of stoichiometric and below; research on fuel-rich combustion
units has been limited for the most part to analytical studies.

To eveluste the performance characteristlics of a fuel-rich combustion
system, preliminary tests were conducted with four fuel-rich combustors
and five afterburner flameholder configuraetions. The primary combustors
had a burhing length of approximately 18 inches. These combustors, in-

stalled in a 3%—inch~square duct, were operated at equlvalence ratlios from

approximately 7 to 26, at pressureg of sbout 30 inches of mercury gbsolute,
and an inlet-alr temperature of 80° F. The excess fuel was burned at
equivalence ratios from 0.2 to 1 in an 8-inch circular duct simulating

an afterburner. '“

The performance date obtalned in the primery combustor and in the
afterburner included cowbustion efficiency, outlet-temperature profile,
and pressure drop.

SYMBOLS
A aresa, sq Tt
il fuel-air ratio
Ty over-all fuel-gir ratioc based on total airflow, Va,t
H chemical energy corresponding to the enthalpy values of air, com-

bustion products, and fuel given by tebles of refs. 4 and 5,
50,965.4 Btu/lb fuel
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h enthalpy of gas stream, Btu/lb
Ah enthalpy rise, Btu/lb
Ang measured afterburner gas enthalpy rise, Btu/lb air (based on Wa,t)

Ahj enthalpy rise of efterburner Jacket cooling water, Btu/Ib water
Oh, enthalpy rise of quench water, Btu/lb water
Vg weight-flow rate of airstream, 1b/sec

Wg ¢ total airflow to primary combustor and afterburner, lb/sec
2

Ve fuel-flow rate, lb/sec

Wy welght-flow rate of water, lb/sec
| combustion efficiency

? equivalence ratio, £/0.0292L

¥, h, - b, Btu/lb fuel

Subscripts:

AB afterburner

a air

ac actual

b gas b, (HZO - % Oz) as defined in ref. 4
£ fuel

J afterburner jacket cooling water
P primary combustor

r reference

st stolchiometric

th theoretical

W quench water
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1 inlet statlon of primery combustor

2 exhaust station of primary combustor u
3 afterburner inlet-air station

4 bulk temperasture messuring station downstream of water guench

APPARATUS AND INSTRUMENTATION

The combustor and afterburner installation is shown in figure 1.
The position of the instrumentation planes and the location of temperature-
and pressure-measuring instruments in these planes are indicated. Alr was
supplied to the test facility from the-laboratory air compressors; the
hot exhaust gases from the primary combustor were fed to the afterburner
where they were mixed with additional air and burned; the afterburner hot
exhaust gases were coaled with alr-atomized water sprays and discharged
to the stmogphere. The over-all sirflow was measured with a varisble-
area orifice located upstream of all flow-regulating valves. The alrflow
to the primsry combustor was measured wilth s sharp-edged orifice plete
located upstream of the primary-combustor flow-regulating valve and down-
gtream of the main flow-regulating valves. The primeary orifice was in-
stalled according to ASME specifications. .

Hydrogen fuel was stored in compressed-gas cylinders. Fuel-flow
rates from the cylinders to the combustor were determined from the tem- -
perature and pressure upstream of g critleal-flow orifice.

The primary combustor was housed 1n & 3%-inch-square duct 24 inches
long. The fuel-rich exhsust was conducted through a 5%-1nch-square tran-
sition duct connected tangentiaslly to the 8-lnch-diameter afterburner.
The transition duct and afterburner were water-jacketed. Inlet-alr tem-
peratures were measured at station A-A and E-E (fig. 1(a)) by bere-wire
iron-constanten thermocouples. Pressures were measured at stations B-B,
C-C, and D-D by statlc-pressure taps. The primary-combustor exhaust-gas
temperature was measured at station D-D with an aspirating pletinum - 13-
percent-rhodium - platinum thermocouple probe supported in a water-
Jacketed housing. The square duct was traversed by pivoting the probe
about & ball-socket conmection positioned in the center of the water-
cooled exhsust section. Two linesr actuetors mounted normsl to each
other (fig. 1(b)) were used to move the probe along the two axes of
the square duct. The probe position was indicated by two coordinates
obtained electrically from a probe position indicator. Temperstures
were recorded at centers of nine equel areas as shown in figure 1(Db).

Afterburner inlet pressure was measured at station E~E by a static-
pressure tap. Outlet-temperature profiles at station F-F were measured
with 22 platinum - l3-percent-rhodium - platinum thermocouples contained -
in a water-cooled support positioned as shown. The bulk gas temperature
(exhaust products plus quench water) was measured at station H~H with

L
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eight bare-wire Chromel-Alumel thermocouples positloned at centers of
equal areas. The combustor end afterburner inlet and outlet temperatures
were indicated on autometic balancing potentiometers and were not cor-
rected for radiastion or conduction. The inlet and outlet pressure dats
were obtalned with mesnometers. The cooling-water flow rate for the cool-
ing Jjacket and the probe was measured with a sharp-edged orifice installed
according to ASME specifications. The inlet and outlet water temperstures
to the water jJacket were measured by iron-constantan thermocouples. The
quench-water flow rate at station G-G was measured with a vane-type flow-
meter. High-pressure air was used to stomize quench water for the cool-
ing sprays. The quench water flow rate was adjusted to give complete
vaporization at the bulk temperature measuring station H-H, for heat-
balance determination. ’ b

Primary-Combustor Flameholders

Four fuel-rich primary-combustor designs were investigated. The
design concepts employed were opposite to those normally employed for more
conventional combustors. Air was Injected into the flowing fuel stresam.
The gir then burned in an atmosphere of fuel. Construction details of
these combustors are shown in figure 2. The fuel-rich combustor designs
consisted of flameholders mounted on both sides of an air distribution
chanber (referred to herein as the air manifold, see fig. 2). In some
designs alr was Introduced into the fuel stream through orifices located
in the air manifold; in other deslgns the air was injected through dis-
tribution channels integral with the alr manifold. The combustion length
was defined as the distance from the downstream tip of the flameholder to
the projected tip of the transversing probe (fig. 1(b)). The combustors
were lgnited by a sparkplug that was positioned to spark near the down-
gtream face of the flameholder.

Combustor model A (fig. 2(a)) consisted of six sloping V-gutters
sheltered by perforated plates. Alr was directed downstream in the
combustor through orifices in the end plste of the air manifold. In com-
bustor model B (fig. 2(b)) four horizontally mounted V-gutters were con-
nected to the air manifold by three air distribution tubes. Air in the
tubes was injected .into the V-gutters in an upstream direction through
twelve 0.156-inch-digmeter holes.

The gir manifold for model C (fig. 2(c)) was connected to a cylin-
drical tube sealed at both ends. This manifold contained two slots 0.25
by 2.75 inches designed to direct the alr upstream 50° to the burner axis.
The manifold was partially enclosed by a semicircular shroud that provided
a sheltered combustion zone. Fuel was admitted_to the combustlon zone
through two 0.25- by 2.75-inch slots located 1n the shroud; secondary
fuel entered the combustor around the shroud.

The final configuration (model D, fig. 2(d)) injected air through
six slotted fins mounted on the air manifold. These slots, 0.0625 inch

i
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wide and 0.5 inch apart, were parasllel to the burner axis and decreased
in length from 1.75 inch near the manifold to 0.5 inch near the tip of
the fins. The slots were designed so that the alr discharge would be
normel to the fuel stream.

The total orifice area in the air injectors and the projected blocked
area of the flameholders are indilcated in the following table:

Primary- Alr-injector open Flameholder blocked
combustor | area (all orifices) | area (projected)
wodel sq in.|percentl 8q in.|percent?
A 0. 59 37 6.36 52
B .46 29 8.29 68
C 1.38 87 8.92 73
D 2.81 177 1.80 15
lReferenced to alr manifold cross-sectional ares,
1l.59 s8q in.
Referenced to combustor total cross- -sectional area,
12.25 sq in.

Afterburner Configuratlons

The fuel-rich primary exhaust gases were injected 1lnto the after-
burner normal to its axis. Two basic types of afterburner flameholdexrs,
an open U-gutter and a punched-plate fuel injector (figs. 3 and 4, respec-
tively), were ugsed. To facllitate rapid assembly, the flameholders were
installed in cylindricel sleeves as shown in the filgures; a slot was cut
in the cylindrical sleeve to admit the fuel. These sleeves were positioned
in the afterburner with the centerline of the flameholder array ilnbtersect-
ing the centerline of the primary-combustor exhaust transition ducting
(fig. 1(b)). The afterburner was ignited by a sparkplug. For the U-
gutter configurations, the afterburner reference area was 0.349 square
foot.

Four modifications of the open U-gutter flameholder are shown 1in
figure 3. Configurations 1, 2, and 3 (figs. 3(a) to (c)) consisted of an
open gutter 2 inches wide and 1% inches long; in addition, configurations
2, 3, and ¢ (figs. 3(b) to (d}) incorporated turning vanes. For configu—
ration 4, two U-gutters, 1 inch wide and 7§ inches long, were placed 22
inches between centers in the afterburner sleeve (fig. 3(d)). The pro-

Jjected blocked area of each of the U-gutter flameholder configurations
was approximately 30 percent.
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The punched-plate fuel injector (fig. 4) was designed by the full-
scale engine group of the NACA Lewils laboratory. This design consisted of
two fuel bars mounted in a 4l-inch-long cylindricel sleeve. The leading
edge of the bar was 0.5 inch wide and 5.81 inches long; the treiling edge,
parebolic in shape, extended 11.67 Inches downstream. Sixty-four fuel
orifices 0.1875 inch in diameter were placed on either side of these bars,
giving a total of 256 fuel orifices in all. The afterburner effective area
was reduced to 0.140 square foot by inserting two plates in the cylindrical
sleeve assembly. The proJjected blocked area of configuration 5 was approx-
imately 29 percent. The upstream surfaces of the plates were sealed to
the afterburner sleeve inlet to correspond to a l/lS segment of a simulated
full-scele engine configuration with an inner diameter of 10 inches and an
outer dismeter of 22 Inches.

PROCEDURE

Prior to the admission of fuel, the deslred primary-combustor snd
afterburner sirflows were established at each test condition; then the
primary-combustor and afterburner igniters were energized simultaneocusly,
and the required fuel for rich operation was asdded. The afterburner was
always operated at or below stolchiometric conditions. The inlet-air
temperature was maintalned at approximately 80° F. Two fuel-flow rates,
100 and 200 pounds per hour, were used. The primary-combustor equivalence
ratlio was varied from approximately 7 to 26; the afterburner equivalence
ratio was varied from spproximately 0.2 to 1. For the primery-combustor
performance investigation the afterburner equivalence ratio was malntained
at spproximately 1. The combustor and afterburner inlet pressures varied
with afterburner airflow, because no regulabing velves were installed
between the test facilities and the atmospheric exhaust.

COMBUSTION-EFFICTIENCY CALCULATIONS

Primary Combustor

Combustion efficiency of the primary combustor was calculated by the
method of reference 4 as the ratio of the actuasl enthalpy rise to the
theoretical enthalpy rise. Since the fuel-air ratio of the primary com-
bustor was always greater than stoichiometric, it was necessary to alter
equation (15) of reference 4 to the following:

w = (1 + fordhg 2 + fot¥n,2 + (fp - fep)hr 2 - fphe 1 = hy 1
p F_

(1)

Values of V3, 5, Wwere obtalned from table I of reference 4. The enthalpy
J
data for air and hydrogen were obtained from reference 5. The average
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combustor exhaust tempersture was cobtained by averaging temperatures
recorded at the centers of nine equal square areasa%station D-D, Pig.

1(b)).

Afterburner

The combustion efficiency of the afterburner was calculated as the
ratio of the asctual enthalpy rise in the afterburner to the theoretical
afterburner enthalpy rise. The theoretical afterburner enthalpy rise was
based on the unburned fuel lesving the primary combustor and was calcu-
lated as follows:

W
8

Ahpg tn = T4H - Np Tgtl ;;;ff (2)

The use of equation (2) implies that there was no additionsl burning be-

tween station 2 and the afterburner fuel inlet. The maximum error that

could occur from this assumption for the data herein would be a 3-percent

reductlon 1n afterburner efficiency.

The actual enthalpy rise for the afterburner was calculated from a
beat balance based upon afterburner gas enthalpy rise, heat rejection to
the water Jjacket, and heat sgbsorption by the water- quench sprey according
to the relation :

W,
Y, d
AB ac ~ Ah‘ + &b o " + Ahy V& (3)
J J

The afterburner gas enthalpy rise Ahg was calculsted as follows:

W
bhg = (1+f4) by 4+tVn,4-0g, 3 2B —"B[(l’ffst)ha 2tfat¥n, 2+(fp-fag)be 2]

a,t Va,t
(4)

The enthalpy date for water were obteined from reference 6.

RESULTS AND DISCUSSION

This report presents performance dats obtained with combustors
operating at over-asll fuel-ailr ratios greater than stoichiometric, and
performance data obtained with afterburners that burned the combustor
fuel-rich exhaust products. Calculated data presented in figure 5 meke it
possible to campare performence data obtained with the fuel-rich combustor
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with more conventional combustors on the basis of the inlet mass flow per
combustor frontal area. The primeary-combustor exhaust Mach number is re-
leted to equivalence ratio for two values of fuel flow end several values
of airflow per combustor frontal area (12.25 sq in.) in the figure. The
experimental data for the primary combustor and afterburner obtained dur-
ing ‘the Investigation are presented in tables I and II, respectively.

Performance of PFuel-Rich Combustor

Combustion efficiency. - The combustion efficlencies obtained over
a8 range of primary-combustor equivalence ratios with the four primary-
combustor models are presented in figure 6. Data presented for model A
were obtained at pressures of 30 to 51.5 inches of mercury absolute.
Datsa for models B, C, and D were obtained at constant inlet pressure at
about 30 inches of mercury absolute and with the afterburner operating
at an equivalence ratio near 1.

Combustion-efficlency data obtalned with model A for three inlet
fuel flows, various inlet pressures, and a range of equivalence ratios
are shown in figure 6(a). The figure shows & spread in combustion effi-
ciency of gbout 35 percent over most of the equivalence-ratio range.

This scatter cannot be traced to the pressure variation but seems to be
due to combustion instability. This instability may be attributed to the
lack of formation of the proper local fuel-air mixture distribution in
reglons behind the flameholder. Since the air was injected axially in
the combustor, fuel-alr ratios in the wake of the flameholders may have
exceeded the maximum flammsbility limit for hydrogen. Steble and effi-
clent combustor operation requires a design providing considerable heat
release in the recirculatory region. In the fuel-rich combustor, the sir
is ligble to be deficilent; consequently, variastions in efficiency and
stability might be associebted with the manner of air introduction.

The combustion efficiency of model B is shown in figure 6(b). In
general, combustion efficiencies in excess of 90 percent were maintained
up to equivalence ratios near 16; gbove this value decreases in combustion
efficiency and ultimately flame blowout were encountered.

The design principles employed with hydrocarbon fuels for jet-engine
combustors were utilized in the design of model C. A shroud was installed
around the air manifold in an stiempt to control the rate gt which fuel
was mixed with the air and to provide approximately stolchiometric fuel-
ailr ratios in this sheltered region. Fuel was admitted through slots in
the shroud, and the alr was Injected in an upstream direction to intercept
and mix with the incoming fuel. The remaining fuel flowed sround the
shroud and diluted the hot exhaust gases. Results obtained with model C
are shown in figure 6(c). At the low inlet fuel flow, staeble operation
with combustion efficiencies near 100 percent was meintained over the
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equivalence-ratio range tested. At the high inlet fuel flow, combustor
blowout was encountered at an eguivalence ratlo near 18. The performance
data obtained with this combustor Iindicabe that more favorable condlitions
for combustion were cbtained thsn with models A and B; however, the blow-
out encountered at the high inlet fuel flow suggests that further improve-
ment in mixture distribution is reguired.

The model D combustor was deslgned so that sheets of air would be
injected normal to the fuel stream. The performance data obtalned with
this combustor are presented in figure 6(d). Stable operatlion was main-
tained with this model over the entire operating range consldered. Equiv-
alence ratlos as high as 25 were investigated at both fuel-flow conditions,
end no flame blowout was observed. Combustion efficlencles near 100 per-
cent were maintalned at the low fuel flow; at the higher fuel flow, how-
ever, combustlon efficiencies decreased to values near 90 percent. The
stability exhibited by model D may be attributed to the lncreased number
of air-injection stations and to the air-injectlion direction, which re-
sulted in a more even dlstribution of the air.

Air-injector pressure loss. - The alr-injector pressure losses ob-
tained with the four primary-combustor models are presented in figure 7
as the ratio of the total-pressure loss across the air-injector to the
inlet total pressure. - The highest pressure losses (35 to 55 percent) were
obtalned with model B at the high fuel-flow corndition. The pressure losses
obtained with the four combustors follow the trends that might be expected
from the varylng open-hole areas. In this investigation no attempt was
made to refine the combustor designs; it seems probable that considerable
reduction in air-injector pressure loss could be effected, especially in
model B.

Combustor static-pressure loss. - The static-pressure loss across the
combustor 1s shown for four-primary combustor models in figure 8. This
figure shows the varistion of the retio of static-pressure loss across the
combustor to combustor inlet static pressure with equivalence ratio for
fuel flows of 100 and 200 pounds per hour. The inlet statlc pressure
measured at the plane of the flameholder was corrected for the flameholder
aree blockage to the static pressure at the combustor reference area.
Static-pressure loss for all configurations was less than 5 percent.

Combustor outlet-temperature profiles. - The representative outlet-
tempersture profiles (18 in. from flsmeholder) of the four primary-
combustor models are shown in figure 9. The circles on the figures indi-
cate probe posltions. The recorded temperature values appear near these
clrcles. The isotherms on the figures were spproximated. In genersl, the
temperature patterns obtained at other test conditions were similar to
those presented in the figure. In figures 9(a) and (b) temperature pro-
files are presented for model A opersting at combustion efficlenciles of
approximately 72 and 100 percent, respectively. The difference between




NACA RM E58C19a - T 11

the maximum and minimum values in figure 9(a) was 1295° F; thils difference
was 700° F for date presented in figure 9(b). These variations in profile
and efficlency seem to imply that partilal blowout was obtained with model
A, since these data were obtained at spproximstely the same operating
conditions.

The temperature pattern at the outlet of model B (fig. 9(c)) repre-
sents a large improvement over that obtained with model A. The differ-
ence between meximum and minimum temperatures is only 245° F. Model C
(fig. 9(d)) produced an outlet profile better thasn that obtained with
model A but not as good as that obtalred with model B. The difference
between maximum and minimum temperatures for model C is asbout 415° F.
Model D (fig. 9(e)) produced a nonuniform temperature profile. The dif-
ference between meximum and minimum temperstures is sbout 915° F. No
design changes were made to flatten these profiles.

Afterburner Performance

The effect of varlous afterburner flameholder designs on afterburner
performance was observed over a range of afterburner equivalence ratios
for fuel flows of 100 and 200 pounds per hour and afterburner inlet-air
temperatures of 80° F. Afterburner sirflow was varied to obteln s varia-
tion in afterburner equivslence ratioc. The pressure in the afterburner
increased with increasing efterburner airflow (reductions in afterburner
equivalence ratio). Primary-combustor model A operating at equivalence
ratlios of spproximately 10 and 20 supplied the fuel-rich exhsust mixture
for the afterburner performance tests. '

The calculated variation of afterburner reference Mach number with
afterburner equivalence ratio is shown in figure 10. The reference Mach
number is based on the total cross-sectional area of configurations 4 and
5. Increasing equivalence ratio (by decreasing airflow) reduces the Mach
number.

Afterburner tempersture proflle. - The effect of flameholder design
on temperature profile is shown in figure 11. Representative curves are
presented for the five flameholder confilgurations. The flemeholders were
positioned as shown in figure 1(b). The effective ailrflow and fuel-flow
areas were the same for gll four U-gutter configurations. This area was
different for the punched-plate fuel ejector; consequently, the two de-
signs cannot be compared directly.

The simple U-gutter (config. 1, fig. 3%&)) gave an outlet-tempersture
pattern very hot on bottom and cold on top (fig. 11(a)). Apparently the
momentum of the incoming fuel-rich gas caused 1t to flow down the gutter,
nix, and burn on the bottom of the duct. In an attempt to distribute

the fuel more uniformly in the afterburner, a series of U-gutters with
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turning vanes was investigated. Configuration 2 (fig. 3(b)) incorporated
three turning venes; the results obtalned are shown in figure 11(b). The
temperature profile obtained with this configuration wes similar to that
observed with configurstion 1, but a slight improvement in the profile
was indicated. A portion of the lower thermocouple rake failed because
of high temperature along the bottom of the duct.

Three vanes extending 9%'inches in an axial direction from the fuel

inlet slot were employed in configuration 3 (fig. 3{(c)). The results
obtained are shown in figure 1l(c). The tempersture pattern was better
then that obtalned with configuration 1 or 2. The pattern along the
bottom is much flatter then that at the top, and the average temperabture
is higher. The need for improving the lateral distribution of the fuel
in addition to the radisl distribution 1s evident. To obtain lateral
distribution of the fuel as well as radial distribution, a double U-gutter
(config. 4, (fig. 3(d)) employing seven turning vanes with some of the
vanes turned toward the top of the afterburner on the discharge side was
investigated. The resulis obtained with this configuration sre shown in
figure 11(d). The over-all tempersture profile was greatly improved with
this configuration.

The afterburner was modified for tests with configuration 5 (fig. 4)
to simulate the asrea ratios encountered in s simulated full-scale test
setup. A 1/15 segment of & full-scele afterburner was installed within
a cylindrical sleeve and inserted into the afterburner for these tests.
The representative tempersture profile obtained with this configuration
is shown in.figure 1li(e). There is a tendency for the top of the after-
burner to be somewhat hotter than the bottom; considering the area change
between the top and bottom, however, this profile is congidered good.

Afterburner combustion efficiency. - The combustion efficiencies of
the two flameholder configurations that gave the best profiles (configs.
4 and 5) are shown in flgure 12 as a function of the over-all equivalence
ratio. Since the test faclility discharged to atmospheric pressure, the
afterburner inlet pressure veried with operating conditions. Thig pres-
sure varletion was from 30 to 38 inches of mercury with conflguration 4
and from 31 to 55 inches of mercury with configuration 5. The data in
figure 12 are presented for two primary-couwbustor equivalence ratlos and
for two fuel flows. In general, combustion efficiencies In excess of 90
percent were observed for configurations 4 and 5 over the range of after-
burner equivelence ratlo considered. The performance of the two configu-
rations 1ls not directly comparasble because of the differing inlet veloci-
ties (fig. 10).

Puel-rich gas-injector pressure loss. - Figure 13 presents the pres-
sure losses associated wilith the injection of the hot fuel-rich gases from
the primary combustor into the afterburner for wmodels 4 snd 5. This fig-
ure shows the varistion of static-pressure drop across the hot gas
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injector as a fraction of the static pressure of the combustor exhaust
with over-azll equivalence ratio for two fuel flows. The static-pressure
drop is defined as the pressure difference between station D-D of the pri-
mery combustor end the discharge face of the afterburner flemeholder. The
afterburner static pressure was actually measured at station E-E and was
converted to the static pressure at the flameholder discharge face by
correcting for the flemeholder area blockage (neglecting the friction
pressure loss between the two stations). The static-pressure drop for
the two configurations was gbout the sasme, ranging from 1 to 4 percent.

Resonating Combustion

Resonating combustion, which resulted in combustor pressure fluctua-
tions and exhaust tempersasture variations, was encountered with some com-
bustor end afterburner designs. A detailed investigatlon of the factors
involved in the resonating combustion was not attempted. It was felt
that this particular mode of combustlion was the result of a coupling that
exlsted between the heat-release rate and the inlet mass flow. Accord-
ingly, two approaches were used to control the resonabing combustion;
first, the pressure loss across the primary air Injector was increased,
and second, the heat-release rate was altered in both the primary combus-
tor and afterburner by decreasing the equlvelence ratio in the former and
increasing the equivalence ratio in the latter. These changes resulted
in satisfactory combustor operation free of resonance. It is interesting
to note that the low-pressure-loss afterburner configurations were free
of resonance when the sfterburner was operated at an equivalence ratio
near 1.

CONCLUDING REMARKS

Resgults of this investigation indicate, in genersl, that fuel-rich
combustors can be desgigned with low pressure logs to give high combustion
efficiency over a wide range of equivalence ratio. Stability limits ob-
served with some combustor designs suggest that particular attention
should be given to the manner in which the fuel and air are mixed. Stable
operation was obtained over a broasd equivalence-ratio range when air was
injected normal to the fuel stream. It is felt that combustor outlet-
temperature profiles can be controlled with sppropriate primary-combustor
designs.

In eddition, the resulis obtained suggest that low-pressure-loss
afterburner flameholders can be designed to give stable and efficilent
operation over a wide range of afterburner egquivalence ratio. To obtain
uniform afterburner temperature profiles, the distribution of the fuel-
rich primary exhaust had to be controlled. Two low-pressure-loss after-
burner designs were evolved that provided this control, an open U-gutter

L
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employing turning venes and a punched-plate flameholder. Resonsting
combustion, which occurred with some low-pressure-loss designs, was elim-
inated when the heat-relesse rates 1in the primary combustor and the after-
burner were altered; aslso, increasing the pressure loss across the primary-
combustor air injector resulted in resonant-free coubustion.

lewils Flight Propulsion Lsgboratory
National Advisory Committee for Aeronautilcs
Cleveland, Ohio, March 26, 1958
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TABLE I. - PRIMARY-COMBUSTCR TEST DATA -
Bun| Primary- Air-injector | Comdbustor Fusl- |Primary [ Xquiva- Mean .Magn Comdbus- Air- . | Combustor |Ccmbustor
¢combustor inlet static | Inlet total | flow Jairflow | lence :ocmbustor) témper-]| tion injector | pressure inlet
inlet atatio pressure, temperature, | rete, rate, ratio cutlet ature effi- static- loss, reference
pressure, in. Hg abs oF 1b/hr |1b/sec temper- rise clenoy, | pressure | percent velocity,
in. Eg ads e T 7uel ture, through | percent drop, rt/sec
°F com~ percent
bu.sgor,
Flameholder model A
1 558.0 34.0 82 60 1%51.7 |0.153 8.19 &)208 —— —— —— 80.4
2 52.9 34.8 82 72 141.2 »139 9.66 a1359 1282 ——— —— — 101.1
3 52.4 34.0 88 as 122.4 »130 8.94 231487 1574 ——— —— — 92.1
% 31.9 37.0 88 8t 101.8 0942 16.27 1516 103.9 13.8 0.28 75.8
5 51.9 37.0 a3 839 102.4 .09858 10.18 1063 977 80.7 15.8 .28 76.8
8 3 34.0 84 86 101.4 0854 14.75 914 829 85.9 7.9 22 72.8
7 51.5 52.5 84 13 100.6 0486 20.96 640 99.0 5.1 .20 68.4
8 31.6 40.5 ad 82 105.0 L1248 8.01 1S1% 1428 99.4 21.0 oS 82.7
9 51l.4 40.0 7 102.3 0953 lo.21 1283 1202 101.0 4.0 25 76.5
10 535.8 42.2 88 80 199.2 .1268 14.94 869 788 .2 19.9 .62 130.7
11 32.8 56.0 as 50 205.4 <0748 26.19 459 88.9 8.9 61 128.7
12 51.4 35.0 85 78 99.4 0047 9.98 1233 151 4.7 10.3 22 74.8
13 31.4 5.0 as 78 g9.4 0942 8.98 939 857 69.7 10.3 .22 74.8
1¢ 3L.4 4.8 87 79 98.1 +1880 2.90 1007 924 Th.8 10 22 T4.1
15 4.1 48.0 87 102 203 .4 .18389 10.2¢ 1230 1335 84.8 26.3 .88 1454
16 4.9 40.0 91 88 2038.8 1245 18.05 843 55¢ 67.2 15.5 .70 135.5
17 52.5 35.8 S8 88 197.9 0953 18.76 506 415 60.4 9.8 -7 132.6
18 51.2 34.8 92 as 102.7 0850 10.28 854 865 72.1 10.5 .20 78.4
19 35.2 40.5 83 72 208.0 1458 13.57 7. &27 &6.5 18.8 <72 139.4
20 35.3 41.5 86 as 146. .0921 15.16 824 754 85.6 ——— — ——
21 38.5 39.0 96 80 144 .8 0558 24 .64 547 458 83.1 4.0 24 83.3
2 34.9 40.0 28 78 142.9 .1261 10.78 1246 1158 102.2 — ——
23 31.2 4.9 89 83 89.8 0934 10.16 1240 1148 95.7 9.7 .25 T7.1
4 37.9 498.0 88 a7 202.7 .1908 10.12 1155 1067 88.4 22.0 70 127.9
25 35.2 47.0 [ 77 205.8 1885 10.23 1177 1088 2.7 24.0 80 138.2
26 32.0 38.0 91 72 102.5 0938 10.37 983 901 76.1 2.7 24 74.5
27 34 .4 48.0 81 78 196.4 .1883 10.02 1200 1116 s2.1 28.0 <81 156.9
28 32.8 36.0 91 69 206.8 0935 21.01 538 458 71.8 8.0 =51 151.8
23 53.9 57.1 80 [:1:1 211.0 0936 21.43 551 473 75.7 9.2 49 129.2
50 35.3 38.5 as 103 100.9 0857 10.03 1098 1004 81.9 8.3 22 70.0
52 51.8 60.0 88 101 200.8 1918 9.94 1108 1014 82.2 4.3 -39 85.5
52 335.4 36.7 88 S 100.8 0952 10.07 2057 o96s 79.1 9.2 .21 73.1
33 4.5 40.0 es 81 101.0 1267 7.58 1480 1400 85.1 14.3 .25 74.9
4 45.0 5 a7 89 208.2 .1886 10.88 1022 934 78.5 17.4 «45 110.6
35 2.4 35 8¢ 102.1 0852 10.20 1307 1821 102.8 10.1 27 74.8
38 39.2 49.0 89 70 205.9 1878 10.43 1170 1080 83.2 2.k +84 121.8
37 35.7 38.8 a3 84 104.8 .0852 10.45 948 864 72.8 8.2 20 68.2
38 38.5 38.7 84 72 103.2 0980 10.33 1165 1088 91.7 a.0 .23 67.6
39 6.7 42.5 ar 67 59.1 1312 7.18 1539 1564 100.7 15.8 22 87.7
40 54.8 35.0 as 64 108.3 0482 20.76 577 17.8 2.6 .12 62.8
Flameholder model B
41 52.2 50.0 as 71 136.9 08350 15.68 asé 746 94.8 35.8 1.17 92.1
42 30.7 54.5 88 96 99.5 .0960 2.88 1286 0 44 .0 +83 78.9
43 35.7 80.0 o] 82 214.8 1490 135.71 803 817 87.2 55.4 2.54 143.5
44 35.7 53.5 8¢ 81 204 .8 Q915 21.33 581 236 46.1 368.8 1.689 139.5
45 30.8 42.0 as 75 102.1 .0625 15.54 886 814 97.3 28.7 57 72.8
48 31.2 64.0 85 [:2:) 103.2 1198 8.23 1379 1225 82.35 51.3 ] 82.8
47 31.2 70.5 88 &5 107.3 13358 T.83 14353 0.9 55.7 1.08 87.1
_ Plameholder wcdsl C
48 31.0 33.5 82 a4 100.1 0962 9.89 1286 1203 98.2 6.8 L.43 77.1
48 30.8 32.0 84 101.5 +0841 15.02 947 a64 99.8 3.1 .88 75.1
50 30.8 51.2 84 81 100.4 0481 19.86 T48 8685 88.2 1.9 .12 89.9
51 30.8 51.0 13 79 101.1 0388 24.17 631 548 97.0 1.3 «61 89.3
52 4.9 4£2.0 a7 T4 208.0 <18 10.34 1290 1210 102.8 17.1 3.96 139.3
53 32.9 57.0 as 88 202.5 <R84 15.24 9S4 887 101.2 10.8 2.51 157.8
54 52.8 35.0 84 87 208.7 0950 20.80 — —— Blowout T.9 l.98 135.3
55 52.5 38.0 &8s 81 208.8 0971 20.26 —— —_— Blowout 5.0 2.26 136.2
56 52.9 3568.0 84 78 205.0 <1101 17.71 804 723 96.2 9.4 2.46 135.1
57 31.1 53.4 84 75 102.3 0848 l0.28 1264 1185 9.9 7.2 1.44 76.9
58 31l.4 55.2 as 78 100.7 .1256 7.82 16€3 1483 99.8 10.5 1.73 80.0
58 50.5 31.0 B4 72 1Q1.0 0469 20.46 124 646 98.5 1.9 .52 §9.7
-] 38.1 47.0 87 TL 208.0 2448 .02 1553 14674 103.0 25.4 4.35 140.0
81 31.1 54.4 a7 63 103.3 1128 8.70 1402 1327 88.6 T.4 1.711 81.5
Flameholder model D
&2 31.0 51.8 83 82 101.8 j0.0951 10.2 1137 95.0 2.2 Q.48 T7.7
83 50.5 31.0 83 80 102.0 0630 18.4 812 830 98.0 1.0 =27 73.8
&4 350.6 30.9 77 lo2.8 0478 20.4 759 879 105.1 8 .20 71.3
2] 30.5 30.8 as 76 102.6 .0388 25.1 101.7 8 14 69.9
68 51.6 35.0 T4 101.9 .1328 7.3 15686 1488 95.6 3.9 <76 81.0
8T 2.8 35.5 85 % 205.7 .0956 20.3 643 563 84.8 2.1 ST 13:.8
68 52.5 52.9 83 71 204.7 07589 25.8 490 9l1.6 1.4 . 129.6
&9 535.4 5¢.2 88 68 204.3 <1254 15.5 778 702 83.4 .4 132.3
70 4.5 35.9 as 85 207.9 «1801 10.4 1028 87.4 6.7 1.37 156.8
71 50.9 52.0 a3 84 105.5 0956 10.3 1188 94.8 2.3 48 77.0
72 51.0 52.0 T4 70 102.4 0583 10.1 1257 1165 96.8 2.2 .82 76.6
73 30.8 51.0 75 70 105.0 0478 20.6 734 28 100.9 .5 «23 70.5
74 33.1 53.5 75 86 205.2 0961 20.3 867 598 50.0 1.8 «81 129.0
ki-] 4.8 58.9 T4 &0 207.4 +1905 10.4 1189 1102 95.4 6.0 1.91 135.5

83ingle-point readings.
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TABLE II. - AFTERBURNER TEST DATA

NACA RM ES8C19a

Run | Afterburner | Afterburner | Afterburner | Over-all Afterburner | Afterburner
inlet static| inlet tem- girflow equivalence | reference combustion
pregsure, perature rate, retio veloclty, | efficlency,
in. Hg abs (air), 1b/sec £t /eec percent
°f
Afterburner flameholder comiiguration-l
1 3£.0 %0 6.92 0.159 84.7 ——
Afterburner flameholder confiéuration-é C
2 34.8 83 6.62 0.184 78,1 ——
Afterburner flameholder configuration 3 -
3 3440 g2 Te32 0.142 89.9 ——
Afterburner flameholder configwration 4
4 37.0 92 4.362 0.2173 140 89.2
5 36.0 85 4,185 «2275 136 80.4
6 34.0 86 3.178 <2973 110 99.5
7 33.5 a5 3.049 + 3091 107 97.5
8 33.0 86 2,778 «3440 99 93.0
8 33.0 86 2.73 .72 a7 ————
10 37.1 886 3.941 <4857 125 92.7
11 34.5 89 2.824 -6738 a7 91.3
15 31.8 89 2.088 8502 78 87.0
18 34.5 91 4,440 4371 153 90.9
17 31.8 92 2.189 «8240 82 95.3
18 30.8 91 2.187 «4280 85 95.3
19 31.8 92 2.090 8846 79 94.1
21 30.8 95 1.758 5125 88 95.2
24 38.0 85 - 7.389 2543 230 91.9
254 33.5 95 T7.551 5180 268 97.7
25B 33.5 95 T.55L .5180 268 94.4
26 32.0 94 3.637 2606 135 84.4
27 32.0 95 2.147 «8079 80 93.8
28 x2.0 94 2.145 8778 80 94.
29 3345 a3 3.875 «5324 1350 94.5
Afferburner flemeholder configuratlion 5
30 37.7 86 3.697 0.2529 115 97.5
31 55.3 a7 6.331 .2925 135 91.3
32 34.0 a7 2.224 4134 77 100.5
33 34,5 88 2.278 3993 78 97 .6
34 48.5 89 4,355 «4378 11 90.2
35 31.8 89 1.073 8314 40 93.4
36 37.8 a9 2.149 .8379 67 92.8
37 38,0 85 3.575 2711 110 92.8
38 37.9 88 3.592 #2661 111 7.
38 38,5 a9 3.597 .2528 110 93.6
40 37.0 88 3.694 «2675 118 95,4




Instrumentation

Inlet thermocouples
(1iron-constantan)

Stations B-B end C-C: Inlet static-preassure taps

Station D-D: ZXxhaust statlic-pressure tap

Station A-A:

ftation E-E: Inlet static-preamure tap and inlet
thermocouples (iron-constantan) $
H H
Fuel Section F-F Bection E-H t ¥
Primary flow Afterburner exhaust Exbaust thermo-
alrflov | thermocouples: Pt - couples: Chromel-
3% - Pt-Rh Alumel - 06"
Afterburnsr quare duit c
airflow -\ 2 3/8 ,dFlameholder
\ 'ﬁ: / 24" Rad.
A N Troe |
16"l -
B c E 'b T ] |1|_
A 1
] _ L1
7 i ﬁ%_ — ‘
" Afterburner "
8"-Diam. duct flameholder-—‘/ 35 [ o
{
G

. g sfe———42 1/2" /
3 l/ n

{a) Instrumentation detail.

Figmre 1. ~ Combuptor and afterburnmer installation showing location of temperature- and
presgure-measuring instrments in instrmentation planes.
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Primery-cembustor
flangs

otio
Saction D-D
Primary exhaust thermo-

coupls - survey points
indicated: Pt ~ Pt-Eh

Looking downetreem,
wrimary exhaust to
afterburner inlet

transition ducting

Afterburner

" Flameholders
-Square duct

NTH

Lingar actuators

Agpirated
thermocouple

f 48" ~
(b} Actuated-probe deteil.

Figure 1. - Concluded. Combuator and afterburner instzllstion sbowing location of temperature-
and preesure-nessuring ingtruments in ingtrumentation planes.
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19
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Air manifold

Alr-injection
orifices

Flsmeholder

CD-5809

(a) Primary-conmbustor model A.
2. = Cutaway views of primary-combustor flameholders.
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A NACA RM E58C19a
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Arfiow tubes .
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1ll
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{b) Primary-combustor model B.

Figure 2. - Continued. Cutaway views of primary-combustor flemeholders.
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Figure 2. - Continued.

Fuel flow’

—

Alr-~injection orifices

(¢) Primary-combustor model C.

CD-5861

Cutaway views of primary-combustor flameholders.
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(d) Primry-combustor modsl D.
Yigura 2. ~ Cocloded. Cubawey views of primary-cosbushar flameholders.
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(a) Flameholder configuration 1.

Figure 3. - Cubaway views of afterburner flasmeholders.
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primsry exhaust f
] lll
- ln
Y oy e
~_ 1
Airflow 9" 775
N Afterburner sleeve

U-gutter

Turning
vanes

CD-5916

(v) Flameholder configuration 2.

Figure 3. - Continued. Cutaway views of afterburner flameholders.
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(c) Flamsholder configiration 3.

Plgure 3. - Contimmed., Cuteway views of afterburner f£lameholders.
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.865"

It

(d8) Plameholder configuration 4.

Figure 3. - Concluded.

Cutawey views of afterburner flameholders.
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Alrflow—»

L
Fuel-rich 78
exhaust

Afterbwrner © ©.  Dlates
sleeve Tuel .
0,1875"~Diam. holes 1n.jector.

spaced on 0.25" centers;
64 holes each side

Punched-plate
fuel injector

Figure 4. - Cutaway view of afterburner flameholder configuration 5.
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Primery-coubustor equivalence ratio, L

Figure S. - Varlation of primary-combustor exhmist Mach number with primery-
combustor equivalence ratio. Inlet total pressure, 30 inchea of mercury
absolute; inlet tempersture, 80° F; cqubustion efficlency, 100 pexcent;
oombustor cross-sectional arem, 12.25 squarie inches,
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I — Combastor mlet b
O u8co n
B Fuel flow, wg, _t_ total pressure, ]
1b/hr . in. Hg &bs
B O 100 al OPen 28 - 36 - - ]
o 200 Solid 36 - 40
O 150 Teiled 45 - 52
1.00 P ° ©
o d o)
ll
<
L 2
.80
qo .
o 8 =
. 7
=1
]
< .60
i
% (a) Model A.
1.00
g S °
5
5 ap
% O
o ”
.80 {
—| Blowout i
.60 [
)
Y
.40 -
4 8 1z 16 i~ = i

Primary-combustor equivalence ratio, q)P

(b) Model B. Combustor inlet total pressure, approximately 33 inches
of mercury absolute.

Figure 6. - Varlation in combustion efficiency with primery-combustor

equivalence ratio for four primery-combustor confiligurations. Inlet-
alr temperature, approximately 80° F.
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Combustion efficiency, Tp

L NACA RM ES58C19a
I
Fuel flow, wp,
1b/hr
o 100
O 200 —
4 Blowout —Q
1] 0
o &
1.00 AN NN - eYe) 5

.80

(c) Model C. Combustor inlet total pressure, approximately 33 inches
of mercury ebsclute.—— S .

o]
1.00 5 O (0]
°l B
— 8

[l
0

O O

.80
4 8 12 16 20 24 28

Primary-combustor eguivalence ratilo, %y

(d) Model D. Combustor inlet total pressure, approximately 33 inches
of mercury ebsolute. : .

Figure 6. - Concluded. Variation in combustion efficiency with primary-
combustor equivalence ratlo for four primary-conmbustor configurations.
Inlet-air temperature, approximately 80° F.
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Figure 7. - Varlastion of air-injector pressure loss with primary-combustor

equivalence ratio for various flameholder models.
80° F.

Inlet-air temperature,
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Ratio of static-pressure loss across ccmwbustor to combustor inlet static pressure
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Figure 8. - Effect of various flemeholder models on combustor pressure loss. -
Inlet-air tempersture, 80° F.- ) s
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NACA RM ES8C19e L ]

(a) Primary-combustor model A. Combustor
inlet-air pressure, 31.2 inches of mercury
sbsolute; inlet-ailr temperature, 80° F; in-
let reference velocity, 78 feet per second;
average oublet temperature, 954° F.

Figure 9. - Temperature pattern at combustor
outlet (°F). Equivalence ratio, epproxi-
metely 10; fuel-flow rate, 100 pounds per
hour.
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. NACA RM ES8C19%s

\\\}800 \\

(b) Primary-combustor model A. Combustor
inlet-air pressure, 31.4 inches of mercury
gbsolute; inlet-air temperature, 80° F; in-
let reference velocity, 77 feet per second;
average outlet tempersture, 1283° .

Figure 9. - Continued. Temperature pattern at
canbustor outlet (°F). Equivalence ratio,
epproximately 10; fuel-flow rate, 100 pounds
per hour.
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(¢) Primery-conmbustor model B. Combustor inlet-
air pressure, 30.7 inches of mercury sgbsolute;
inlet-air temperature, 85° F; inlet reference
veloelty, 79 feet per second; average outlet
temperature, 1296° F.

Figure 9. - Continued. Temperature pattern at
combustor outlet (°F). Equivalence ratio,
approximetely 10; fuel-flow rate, 100 pounds
per hour.
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(&) Primary-combustor model C. Combustor
inlet-alr pressure, 31 inches of mercury

gb-

solute; inlet-air temperature, 82° F; inlet

reference velocity, 77 feet per second;
averasge outlet temperature, 1296° F.

Figure 9. - Continued. Tempersature pattern at
combustor outlet (°F). Equivalence ratio,
spproximately 10; fuel-flow rate, 100 pounds

per hour.
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1100
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(e) Primary-combustor model D.

1070
1030

790
920

Combustor inlet-

air pressure, 30.9 inches of mercury sbsolute;
inlet-air temperature, 83° F; inlet reference
velocity, 77 feet per second; average outlet

tempersture 1195° F.

Figure 9.

- Conecluded.
bustor outlet (°F).

Temperature pattern at com-
Equivalence ratio, approxi-
mately 10; fuel-flow rate, 100 pounds per hour.



Afterburner reference Mach nunber
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Figure 10. - Variation of afterburner reference Mach munber with after-
burner equivalence ratio. Inlet pressure, 30 inches of mercury abso-
lute; inlet tempersture, 8C° F.
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NACA RM E58C19a

U-gutter position
Top thermocouple

— = — Pottom thermocouple

3200 >
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&
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\
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‘ !
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ﬁ
P
/ \
800 fdp / ») Fa ¥ Y
Q\O\ A / ( 70 /
U—gu'i:tar ¢ . U-gutter
o ﬂ-posi:bion ..post.tior.-

150 pounds pexr hour.

(2) Flemeholder configuration 1.
Afterburner equivalence ratio,
0.15; primary-combustor equiv-
alence ratio, B.1l; fuel flow,

(b) Flemeholder configuration 2.
Afterburner equivalence ratio,
0.20; primary-combustor equiv-
alence ratio, 8.5; fuel flow,

140 pounds per hour.

Temperature, °F

2400 I N .
- u — -0
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TV LY IS
\
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{c) Flemeholder configuration 3.
Afterburner equivalence ratio,
0.15; primary-combustor equiv-
alence ratio, 8.0; fuel flow,

Distance normal to flemeholders, in.

129 pounde per hour.

(d) Fiemeholder configuration 4.

Afterburner equivalence ratio,
0.5; primary-combustor equiv-
slence ratio, 20; fuel flow,

125 pounds per hour.

Flgure 11. - Effect of afterburner flamsholder design on afterburner outlet-
temperature profile (station F-F).

absolute; inlet temperature, 80° F.

Inlet pressure, 30 inches of mercury
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Temperature, °F

- NACA RM E58C19a

Thermocouple location

Top of afterburner
—— =— ~—— Bottom of afterburner

=

2400
T~
— =< \
o Y R
1600 D S
~--— ~ N
o)
800
0 1 2 3 4

Jistence normal to flameholder, in.

(e) Flameholder configuration 5. Afterburner
equivalence ratio, 0.37; primery-combustor
equivalence ratio, 16; fuel flow, 162 pouhds
per hour. :

Figure 11. - Concluded. Effect of afterburner
flameholder design on afterburner outlet-
temperature profile (station F-F). Inlet pres-
sure, 30 lnches of mercury ebsolute; inlet tem-
perature, 80° F.
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Over-all equivalence ratio, ¢
(b) Model 5.
Figure 12. - Vearistion of combustion efficiency with over-all

equivalence ratio for two flameholder designs. Inlet-air
temperature, 80° F.
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Ratio of afterburner fuel-injector static-pressure loss
to primary exhaust static pressure

NACA RM E58C1Sa

S
Fuel flow, we, |
1b/hr
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U
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(a) Model 4.
0
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0
E%g o
D
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Over-all equivalence ratio, ¢

(b) Model 5.

Figure 13. - Afterburner fuel-injector pres-

sure losse.

NACA - Langley Fleld, Va.
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